Antimicrobial peptides (AMPs) are a class of natural peptides with varying numbers of amino acids.
The innate immune system is an ancient evolutionary defense system that provides immediate defense against infection from microbial and other pathogens. Antimicrobial peptides (AMPs) are a principal component of innate immunity in vertebrates and are natural antibiotics to a broad range of microbes including viruses, bacteria, fungi, and multicellular parasites (Ganz et al. 1985; Kagan et al. 1990; Ganz and Lehrer 1997; Lee et al. 2012; . Among AMP coding genes, copy number variability is common, as evidenced in the defensin genes in human, cattle and chicken (Armour et al. 2007; Meade et al. 2014; . In addition to defensins, the cattle genome contains expanded gene families for other AMPs such as the interferons and cathelicidins (Elsik et al. 2009; Gillenwaters et al. 2009; Meade et al. 2014) . Human granulysin and its multi-species homologues, the NK-lysins, are products of natural killer cells and cytotoxic T cells and are effective cationic antimicrobial peptides (Andersson et al. 1995) . Although NK-lysin is known to be coded by a single gene in humans, pigs, and horses (Manning et al. 1992; Andersson et al. 1996; Davis et al. 2005) , gene triplication/quadruplacation is reported in fish (Wang et al. 2006; Hirono et al. 2007; Pereiro et al. 2015) , as well as in some mammals, including cattle (Chen et al. 2015) .
High-quality reference genome sequences are now available for humans, many model species, and economically important agricultural animals such as cattle, pig, horse, sheep, and chicken (Kalbfleisch and Heaton 2013) . Reference genomes enhance the identification of variation associated with disease and facilitate comparison between related species for insights into gene evolution and function. The bison_UMD1.0 genome assembly was made available in 2014 but still contains many unplaced, collapsed, and mismatched scaffolds compared with the bovine and other assemblies. Analysis of Bison_UMD1.0 (GCF_000754665.1) revealed 2 NK-lysin genes, one at LOC105004569 (NW_011495040.1, similar to cattle NK2) and the other at 105004567 (similar to cattle NK1). The genes are unplaced in the bison genome and are separated by approximately 52 kb. We recently found that the bovine NK2 is triplicated and in tandem with NK1 on cattle chromosome 11 (Chen et al. 2015) . This triplication is the result of an expansion/contraction event in recent bovid evolution and prompted us to further examine NK-lysin genes in bison, a species that diverged with cattle approximately 1 to 1.5 million years ago (Halbert et al. 2005; Ho et al. 2008; Hedrick 2009 ).
Bisons are susceptible to a wide range of indigenous and foreign diseases that occur in cattle including brucellosis, bovine respiratory disease, mycoplasma, and tuberculosis, and AMPs have been known to be involved in resistance to the causative pathogens (Tessaro 1989; Ackermann et al. 2010; Park et al. 2013; Silva et al. 2016; Dassanayake et al. 2017) . Since bison and cattle share a variety of diseases and parasites, comparisons of their genomes can provide important insights into rapid divergence of genome structures and function as related to pathogen exposure and other environmental conditions. Here, we report the number of NK-lysin genes in the bison genome and compare expression patterns of the individual NK-lysin genes.
Material and Methods

Cloning of Bison NK-Lysin Genes
Primers designed from the ends of cattle NK-lysin genes that are conserved in the 3 NK2 paralogs and NK1, 5′-ATGACCTCCTGGGCTGTCCT-3′ and 5′-TCCACAGTA GGTTTCATTTAA-3′ for NK2 and 5′-ATGACCTCTTGGGCTGT TCTGCTCGTCA-3′ and 5′-CCACACCAGGTCTCATCTGA-3′ for NK1, were used to amplify bison DNA. PCR (GXL polymerase; Invitrogen) was performed according to manufacturer's instructions. The resulting three NK2 amplicons were cloned into pCR4.0 sequencing vectors (Invitrogen Life Technologies) and sequenced by the Sanger DNA sequencing method (Beckman Coulter Genomics). Sanger sequenced NK-lysin genes were then used to generate consensus NK-lysin sequences using the bison reference genome (Bison_ UMD1.0). Alignment of the nucleotide sequences was conducted using the Clustal W (Thompson et al. 1994 ).
Phylogenic Analysis
Alignment of sequences derived in this work and yak NK1: LOC 102275400, yak NK2: LOC102275207, buffalo NK1: LOC 102399055, buffalo NK2: LOC 102397020, all cow NK-lysins: KT71503 was done using ClustalOmega (10.1093/nar/gkt376). Maximum likelihood tree inference was performed using RaXML 8.2.11 with GTR+GAMMA and 1000 bootstrap replicates (10.1093/bioinformatics/btu033).
Prediction of Secondary Structure
All NK-lysin coding sequences were in vitro translated using ExPASy translate tool (https://web.expasy.org/translate/) and submitted for structure prediction using SWIIS Prot based homology modeling PHYRE2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) (Kelley and Sternberg 2009) . Minimum 77 residues have been used for homology model with over 99% confidence by the single highest scoring template. Helical strand colored by rainbow N to C terminus.
RNA-Sequence Analysis
The Bison bison genome (Isolate TAMUID 2011002044) was downloaded from NCBI (accession GCA_000754665.1) as a FASTA file. The gene model was downloaded from Ensembl in GTF format. A new unplaced genomic scaffold was added to the reference genome FASTA using the sequencing data generated in this work (GenBenk accession MF996712, MF996713, MF996714, and MF996715 for NK2C, NK2B, NK2A, and NK1, respectively). This inserted scaffold consisted of each gene, with a 240 "N" character spacer between each. The Ensembl gene model was modified to reflect the new scaffold by adding positional coordinated delimiting the exons and introns for the inserted scaffold.
Data were downloaded from SRA (Study accession SRP050120) for 6 tissues: kidney (SRS749648), liver (SRS749649), lung (SRS749650), skeletal muscle (SRS749651), supra-mammary lymph node (SRS749652), and spleen (SRS749653). Each sample consisted of 4 lanes of Illlumina HiSeq 2500 paired-end stranded RNA-seq data. All lanes were combined and their read group data retained. Reads were aligned using STAR 2-pass aligner (10.1093/bioinformatics/bts635) using the modified reference genome and Ensembl gene model. Read counts were tallied on a per-gene basis using HTSeq for all uniquely mapped reads (10.1093/bioinformatics/ btu638). Due to the high identity of the NK-lyin gene family, RNAsew reads mapped to more than one location with equal probability. To enable reads, contig for all mapped reads regardless of ambiguity, SAM flags indicating secondary alignment (flag 256) were removed.
Comparative Mapping of Bison NK-Lysin
To determine if bison NK-lysin sequences were located similarly to domestic cattle NK-lysin genes, comparative mapping of the bison NK-lysin sequences to the domestic cattle reference was completed. Fasta files containing previously Sanger sequenced bison NK-lysin genes were used to align the NK-lysin genes to the assembled bison reference genome (Bison_UMD1.0) using the default settings in the Burrows-Wheeler Alignment 0.6.2. The individual alignments were then sorted and indexed using SAM tools 0.1.18 software package (Quinlan and Hall 2010) and bedtools was then used to generate bed files from the sorted bam files. The bedfiles were read to identify the scaffold placements of the aligned Sanger sequenced NK-lysin genes. Synteny mapping was completed using the domestic cattle UMD3.1.76 gff (http://useast.ensembl.org/Bos_taurus/Info/ Annotation) chromosome file from Ensembl (Flicek et al. 2014 ) as a reference, assembled scaffolds of the bison reference sequence, and the software Symap 4.2 (Soderlund et al. 2006) . Psuedochromosomes were created from the synteny mapping of the bison reference scaffolds onto the domestic cattle reference chromosomes using synteny anchors and blocks. Synteny blocks provide the bison scaffold positions on domestic cattle chromosomes, which were used to identify the pseudo-chromosome placement of the identified scaffold the Sanger sequenced NK-lysin genes were aligned to.
Results
The Bison Genome has 4 NK-Lysin Genes
We recently found 4 NK-lysin genes on cattle chromosome 11 with evidence for tandem triplication of NK2 (Chen et al. 2015) .
To examine copy number of NK-lysin genes in the bison genome, we performed PCR with highly conserved primers across the NK-lysin family of cattle (Sup F1). Sequence analysis revealed 3 NK2 paralogs and 1 NK1 gene in the bison genome just as in the cattle genome. The bison genes share a high sequence identity with each other. To confirm PCR results and generate consensus NK-lysin sequences, we carefully re-examined the bison reference genome, Bison_UMD1.0. Computational analysis was consistent with the number of NK-lysin genes, 3 NK2 and 1 NK1, but sequence differences were found between the Sanger sequenced genes and computational prediction. We determined that the Sanger sequenced NK-lysin genes were correct and the sequences of ORF of RNA-seq file showed no mismatches with Sanger sequenced genes.
Three bison NK2 genes are similar to each other with a sequence identity of >96%. The full-length coding sequences of the bison NK-lysin genes consisted of 441 nucleotides for NK2A, NK2B, and NK2C, and 438 nucleotides for NK1, encoding proteins composed of 146 and 145 amino acids for the 3 NK2 paralogs and the NK1 gene, respectively ( Figure 1A ). Genomic DNAs consisted of 2261, 2239, 2238, and 4237 nucleotides with 5 exons and 4 introns (Supplementary Figure 1) . All have highly conserved signal peptides, pro-peptides, and 6 well-conserved cysteine residues ( Figure 1A ). Three NK2 transcripts share high sequence identity, from 96% to 98% with each other. Phylogenetic analysis revealed that NK2B and NK2A are more closely related to each other than to NK2C. Bison NK-lysin genes show more sequence homology within the gene family than was observed in the cattle NK-lysin family ( Figure 1B ). Molecular modeling in Phyre2 identified all NK-lysin as 5 alphahelical strands, like other NK-lysin (Andersson et al. 1996; Liepinsh et al. 1997; Lee et al. 2012) , suggesting antimicrobial activity.
Comparative Mapping of NK-Lysin to Chromosome 11
The bison genome assembly is not as completely assembled and annotated as the bovine assembly. The NW_011495040.1 sequence deposition, which contains NK-lysin genes, is an unplaced scaffold about 3.8 Mb long. The genes for SFTPB (surfactant pulmonary-associated protein B) and USP39 (ubiquitin specific protease 39) flank NK-lysin on one end of this scaffold and genes for ATOH8 (atonal bHLH transcription factor 8) and ST3GAL5 (ST3 beta-galactoside alpha-2, 3-sialyltransferase) are on the opposite flank. These homologous genes are in the same order on cattle chromosome 11. Human, pig, horse, dog, and sheep assemblies are known to exhibit conserved synteny of these genes. Comparative mapping of the cattle and bison genes in the NK-lysin regions is shown in Figure 2 . 
Tissue Expression Profile of 4 NK-Lysins
To test whether all the identified bison NK-lysin genes are expressed and to identify the tissue expression profile of each, we compared the mRNA levels of each gene using data from the annotation of Bison_UMD1.0 (Sequence Read Archive accession SRP050120), containing the liver, lung, skeletal muscle, spleen, supra-mammary lymph node, and thymus. RNA-seq analysis revealed that the 3 NK2 genes were all highly expressed in the lung. Spleen and lymph node showed moderate expression whereas a very low level of expression was seen in the muscle, liver, and kidney. NK2C is the most highly expressed among NK-lysin genes across all test tissues whereas NK1 expression was detected at low levels only in spleen and lymph node (Figure 3 ).
Discussion
We recently identified tandem triplication of NK2 in cattle with the proposed mechanism of expansion involving segmental duplication, gene conversion, and unequal crossing over (Chen et al. 2015) . As a step toward defining the timing of this expansion in bovid evolution, we found in this study that this triplication of NK2 is also observed in the bison genome. Genome assemblies of mammalian species closely related to cattle such as bison, buffalo, and yak revealed at least 2 NK-lysin genes, each of NK1 and NK2. This study shows that many contigs and scaffolds are unassigned to chromosomes, and scaffolds that contain NK-lysin2 genes seem to collapse and demonstrate that bison do carry 4 NK-lysin genes, as cattle do. Phylogeny analysis revealed that bison and buffalo have expanded NK2 gene family whereas yak and buffalo have 1 NK2 gene. It is possible, and even likely, that the other bovids also have a 4-gene family, and need to examine further. The similarity of the 3 NK2 genes makes them difficult to distinguish in preliminary short read genome assemblies. Gene duplication is a fundamental process of genome evolution and a mechanism for generating genes with potential for new functions. However, most recent duplicates are functionally redundant and evolutionary degraded by loss-of-function mutations (Wapinski et al. 2007) . Some do survive long enough to either gain a new function (neofunctionalization) or to divide the ancestral function between them (subfunctionalization) (Lan and Pritchard 2016) . The 4 bison NK-lysin genes share important conserved features with orthologues in other animals, such as the conserved cysteine residues, a high proportion of positively charged amino acids, and size and sequence similarities with their predicted α-helical structure to other mammalian NK-lysins suggesting their potential antimicrobial activity (Liepinsh et al. 1997; Jacobs et al. 2003; Chen et al. 2015) .
RNA-seq data suggest that the 4 bison NK-lysin genes are all expressed in at least 1 tissue, and are predominantly expressed in the lung, suggestive of a physiological role in the respiratory system of bison. Replicated genes that are tandemly located in the genome may be coregulated as evidenced by other gene clusters in human, mouse, chicken, and Arabidopsis (Kimbrell and Beutler 2001; Ghanbarian and Hurst 2015; Lan and Pritchard 2016) . Dosage sharing is considered an important factor in gene duplication, at least in early evolution (Stoltzfus 1999; Qian et al. 2010; Levasseur and Pontarotti 2011; Gout and Lynch 2015) . This implies that after tandem duplication, the paralogs need to rapidly evolve to reduce their expression (Lan and Pritchard 2016) . This may explain the similar expression patterns of 3 NK2 genes in bison with very low levels of NK1 expression across all the tissues examined. Bison NK-lysin genes show more sequence identity within their gene family than to cattle NK-lysin genes. Using the GENECONV program, we have detected 3 tracts of gene conversion in the NK2 genes for P value of <0.5 (Supplementary Table 1) , suggesting concerted evolution of duplications, supporting the hypothesis that they were derived from gene conversion events rather than simply by nucleotide substitutions (Ohta 1983) .
Each NK-lysin exhibits distinct, tissue-specific expression patterns in cattle whereas bison NK-lysin shared similar expression patterns, mainly in the lung. Cattle NK1 and NK2A genes are expressed at relatively low levels in the lung but are highly expressed in the intestine (Chen et al. 2015) . Direct comparison between the 2 species was not possible, since different tissues and techniques were implemented between these 2 studies. However, it is clear that the tissue expression profiles of the NK-lysin gene family are different, even though their orthologous genes are structurally very similar.
In summary, we revealed that 4 NK-lysin genes exist in bison with triplication of NK2 and have diversified in tissue-specific expression. This study provides additional insight into evolutionary relationship of innate immune genes in mammals (specifically NK-lysins) and, contrary to the current assembly of the bison genome, suggests that the triplication of NK2 occurred before the evolutionary divergence of cattle and bison.
Supplementary Material
Supplementary data are available at Journal of Heredity online.
